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Reactive oxygen speciesThe effect of Ca2+ applied in high concentrations (50 and 300 µM) was addressed on the generation of reactive
oxygen species in isolatedmitochondria fromguinea-pig brain. The experimentswere performed in the presence
ofADP, a very effective inhibitor ofmitochondrial permeability transition.Moderate increase inH2O2 release from
mitochondriawas induced by Ca2+ applied in 50 µM, but not in 300 µM concentration asmeasuredwith Amplex
red ﬂuorescent assay starting with a delay of 100-150 sec after exposure to Ca2+. Parallel measurements of
membrane potential (ΔΨm) by safranine ﬂuorescence showed a transient depolarization by Ca2+ followed by
the recovery ofΔΨmto a value,whichwasmore negative than that observedbefore addition of Ca2+ indicating a
relative hyperpolarization. NAD(P)H ﬂuorescence was also increased by Ca2+ given in 50 µM concentration. In
mitochondria having high ΔΨm in the presence of oligomycin or ATP, the basal rate of release of H2O2 was
signiﬁcantly higher than that observed in a medium containing ADP and Ca2+ no longer increased but rather
decreased the rate of H2O2 release. With 300 µM Ca2+ only a loss but no tendency of a recovery of ΔΨm was
detected andH2O2 releasewas unchanged. It is suggested that in the presence of nucleotides the effect of Ca2+on
mitochondrial ROS release is related to changes in ΔΨm; in depolarized mitochondria, in the presence of ADP,
moderate increase in H2O2 release is induced by calcium, but only in ≤ 100 µM concentration, when after a
transient Ca2+-induced depolarization mitochondria became more polarized. In highly polarized mitochondria,
in the presence of ATP or oligomycin, where no hyperpolarization follows the Ca2+-induced depolarization, Ca2+
fails to stimulate mitochondrial ROS generation. These effects of calcium (≤ 300 µM) are unrelated to
mitochondrial permeability transition.emistry, Semmelweis Univer-
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m-Vizi).
nt work.
ll rights reserved.© 2010 Elsevier B.V. All rights reserved.Reactive oxygen species (ROS) generation and its changes by Ca2+ is
in the center of interest due to the fact that cell demise that follows
pathological Ca2+ loads has been associated with an increased
mitochondrial ROS generation. This is particularly intriguing in neurons,
where excessive stimulationof NMDA receptors involvingmassive Ca2+
ﬂow into cells results in delayed calcium deregulation (DCD) and cell
death [1–3]. An increased mitochondrial ROS generation in association
with mitochondrial Ca2+ accumulation has been demonstrated and
suggested to beprimarily responsible forDCD [4–8], but later it has been
reported that ROS generation is likely a consequence rather than a cause
of DCD in glutamate-exposed neurons [9]. Anoxia and reoxygenation
also involve mitochondrial ROS generation in association with a rise in
[Ca2+]i ([10] and references herein).
Variable and controversial results from in vitro experiments do not
allow establishing a universal notion as to the effect of Ca2+ on
mitochondrial ROS production (for review see [11,12]). Basal H2O2generation in isolated brain mitochondria was not stimulated by Ca2+
load in many studies [13–17] suggesting the lack of effect of Ca2+ per
se on the mitochondrial ROS generation. Other studies, however,
demonstrated an increased ROS formation in Ca2+-loaded liver
[18,19] and brain mitochondria [20–23], which, in the majority of
reports, was associated with induction of the mitochondrial perme-
ability transition pore (PTP). Ca2+ is a primary stimulator of opening
of PTP, a large conductance channel formed by proteins in the inner
and outer membrane of mitochondria leading to loss of membrane
potential (ΔΨm), release of Ca2+ and solutes b1.5 kDa including GSH
and pyridine nucleotides from the matrix, osmotic swelling and
rupture of the outer mitochondrial membrane [24–28].
PTP induction by itself, however, did not dramatically changed the
rate of H2O2 generation in studies by [14]. Previously, we have also
reported that when Ca2+-induced permeability transition was not
prevented, H2O2 generation was slightly decreased by Ca2+ in brain
mitochondria, most likely due to PTP-related net loss of pyridine
nucleotides [13]. For this to demonstrate no adenine nucleotides were
present in the experiments, which are inhibitors of PTP [28–35].
Physiologically ADP and ATP are continuously present in the
mitochondrial matrix controlling the rate of respiration and ATP
synthesis, therefore to better model the effect of a Ca2+-challenge in
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considered. Furthermore, the use of glutamate plus malate as
respiratory substrates is more adequate in these experiments than
the use of succinate given the fact that essentially NAD+-linked
substrates fuel brain mitochondria in vivo. Mindful of these, here we
addressed the effect of Ca2+ on H2O2 generation in isolated brain
mitochondria supported by glutamate plus malate in the presence of
ADP or ATP. This study conﬁrms that Ca2+ per se is without an effect
on mitochondrial ROS generation and demonstrates that a moderate
increase in the rate of H2O2 generation that is induced by Ca2+ only in
concentration of ≤ 100 µM and only in the presence of ADP, reﬂects a
ΔΨm-dependent stimulation of ROS generation.
1. Methods
1.1. Preparation of mitochondria
Mitochondria were prepared from guinea pig brain cortex using a
discontinuous Percoll gradient as described previously [36]. The isolation
buffer contained (in mM): 225 mannitol, 75 sucrose, 5 HEPES, 1 EGTA,
pH=7.4 (KOH). After theﬁnal centrifugation, thepelletwas suspended in
the isolation buffer lacking EGTA and mitochondria were stored on ice.
Protein content of the ﬁnal suspension was ∼35 mg/ml. Respiratory
control ratio (RCR) was measured by high-resolution respirometry with
Oxygraph–2 k (Oroboros Instruments, Innsbruck, Austria). Only mito-
chondria with an RCR more than 12 were used for the experiments.
Animal experiments were performed in accordance with the
Guidelines for Animal Experiments at Semmelweis University.
Measurements were performed in an assay medium containing
125 mM KCl, 20 mM HEPES, 2 mM K2HPO4, 2.86 mM MgCl2, ADP
(2 mM) pH 7.0 (KOH) supplemented with fatty acid free BSA (0.025%).
EGTAwasomitted fromthemediumbutdue to the chelating effect of ADP
the free Ca2+ concentrationwas b1 µM. Added Ca2+ concentrationswere
calculated with the WinMAXC program (Chris Patton, Stanford
University).
1.2. Measurement of H2O2 release from mitochondria
H2O2 releasewasdetectedusing theAmplex redﬂuorescent dye in the
presence of horseradish peroxydase (HRP). The assay medium (2ml)
contained 5U HRP, 1 µM Amplex red reagent and 0.2 mg mitochondrial
protein was given at the start of the detection. Glutamate and malate,
5 mM each, were used as respiratory substrates. Fluorescence was
measured at 37 °C using a Deltascan ﬂuorescence spectrophotometer
(Photon Technology International, PTI, Lawrenceville, NJ) at excitation
and emission wavelengths of 550 and 585 nm, respectively. The
ﬂuorescent signal was calibrated with 100 pmol H2O2 added at the end
of each measurement.
1.3. Assay of mitochondrial NAD(P)H level
Mitochondrial NAD(P)H autoﬂuorescence was monitored simulta-
neously with the Amplex red measurement at excitation and emission
wavelengths of 344 and 460 nm, respectively, with double excitation and
emission mode of Deltascan ﬂuorescence spectrophotometer (Photon
Technology International, PTI, Lawrenceville, NJ).
1.4. Determination of mitochondrial membrane potential (ΔΨm) by
Safranine or teramethylrhodamine methyl ester (TMRM)
Mitochondrial membrane potential was followed using the ﬂuores-
cent dye, Safranine O (2 μM). The excitation and emission wavelengths
were 495 and 586 nm, respectively. Fluorescence was recorded at 37 °C
by Hitachi F-4500 spectroﬂuorimeter (Hitachi High Technologies,
Maidenhead,UK). For the assay (2 ml) 0.1 mg/mlmitochondrial protein
was used.Mitochondrial membrane potential was also controlled by TMRM for
which the method detailed by [36] was followed. 100 nM TMRM was
dissolved in the incubationmedium, and thenmitochondria (0.1 mg/ml)
and substrates (5-5 mM) were added. Fluorescence was detected in the
dual excitation ratiometric mode in a PTI Deltascan ﬂuorescence
spectrophotometer using 546 nm and 573 nm excitation and 590 nm
emission wavelengths. The ratio of 546-590 nm and 573-590 nm
ﬂuorescence was plotted. For the assay (2 ml) 0.1 mg/ml mitochondrial
protein was used.
1.5. Determination of mitochondrial swelling
Light scattering of mitochondria was followed simultaneously
with the determination of ΔΨm using Hitachi F-4500 spectroﬂuo-
rimeter (Hitachi High Technologies, Maidenhead, UK) at excitation
and emission wavelength of 660 nm.
1.6. Statistics
Statistical differences were evaluated with ANOVA (SIGMASTAT,
Systat Software Inc., San Jose, CA, USA) for multiple comparisons.
1.7. Materials
All the standard laboratory chemicals were obtained from Sigma
(St Louis, MO, USA). The Amplex red reagent and Calcium Green 5 N
and Rhod 5 N were from Invitrogen (Molecular Probes; Eugene, OR,
USA).
2. Results
2.1. Increased release of H2O2 from isolated mitochondria challenged
with high Ca2+ concentration
Isolated mitochondria respiring on glutamate+malate were chal-
lenged with Ca2+ and the release of H2O2 was monitored by the Amplex
red ﬂuorescent assay as detailed in the Methods. Ca2+ concentrations
were chosen to model high, but not unrealistic Ca2+ loads (10-50-
300 µM). In intracellular microdomains Ca2+ can reach N100 µM
concentration [37,38] and in the majority of previous studies addressing
ROS generation Ca2+ was used in a similar concentration range
[16,39,40]; in some studies authors applied higher Ca2+ concentrations
[22,41]. To prevent the induction of PTP by Ca2+, 2 mMADPwas present
in the medium. Before addition of Ca2+ the basal release of H2O2 from
state 3 mitochondria was 188.6±10.1 pmol/min/mg (n=25). It is
demonstrated in Fig. 1/A that addition of 50 µM Ca2+ caused a gradual
increase in the rate of H2O2 release, typically starting with a 100-150 sec
delay after the Ca2+ challenge (trace b). Over an incubation for 7 min,
the rate of H2O2 release was increased to 181.4±18 % (n=8) of the
original value in the presence of 50 µM Ca2+ (Fig. 1/C). Similar effect
was obtained with Ca2+ given in 10 or 100 µM concentration exhibiting
no demonstrable concentration-dependence in this concentration-range
(not shown). This is a relatively small increase in H2O2 generation; as a
comparison, it is also shown in Fig. 1/A that complex I inhibition by
rotenone (1 µM) induced an abrupt stimulation of H2O2 generation by ∼
6 fold (trace c). The delay in the effect of Ca2+ explains why we have not
observed any alteration in the H2O2 generation in previous experiments,
where changes only in theﬁrst 100 secweremonitored [13]. The effect of
Ca2+ in300 µMonH2O2 releasewas statistically not signiﬁcant (Fig. 1/C).
For a comparison, the effect of Ca2+ observed in the absence of ADP, that
has already been reported by this group [13], is shown in Fig. 1/B. The
higher rate of basal H2O2 release (365 and 375 pmol/min/mg) is
consistent with a more polarized ΔΨm and as demonstrated recently,
the decrease in the rate of H2O2 release by Ca2+ (trace b) is related to PTP
induction under this condition [13].
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Simultaneous measurements on NAD(P)H ﬂuorescence demon-
strated that upon addition of 50 µM Ca2+ the level of NAD(P)H was
transiently increased in mitochondria (Fig. 2, trace b), but Ca2+ given in
300 µM concentration resulted in an initial small decrease in NAD(P)H
ﬂuorescence, which then gradually returned to or even above the
baseline over an incubation period of 7 min (Fig. 2, trace c). Inhibition
of complex I by rotenone (1 µM) induced an abrupt increase in the
reduction state of pyridine nucleotides, which was similar in
magnitude to that detected with 50 µM Ca2+ (Fig. 2, trace d). Earlier
we have reported that NAD(P)H ﬂuorescence in response to Ca2+
in the absence of ADP was sharply dropped together with a net loss
of pyridine nucleotides from mitochondria being consistent with
PTP induction [13]. This is clearly lacking with 50 µM Ca2+ in the
presence of ADP, but the small transient decrease in NAD(P)H
ﬂuorescence upon addition of 300 µM Ca2+ might indicate a tran-
sient permeability increase in some mitochondria in the mitochon-
drial population under that Ca2+-load.2.3. Changes in ΔΨm and lack of swelling in mitochondria challenged by
Ca2+ in the presence of ADP
ΔΨm of mitochondria was monitored by measuring safranine
ﬂuorescence as described in the Methods. Fig. 3/A demonstrates that
basal ΔΨm established upon addition of the substrates to mitochon-
dria (state 4) was depolarized when ADP was given. The partial
depolarization by ADP resulting from stimulated respiration and ATP
synthesis (state 3) was fairly stable for the incubation period of
10 min (trace a). Ca2+ added in 50 µM concentration induced an
immediate further depolarization, which was transient and recovered
within 100 sec, but then ΔΨmwas stabilized at a more polarized state
than that observed before Ca2+ addition (curve b). Calcium green
ﬂuorescence indicated that 90 % of Ca2+ (50 µM) was taken up by
mitochondria within 100 sec (not shown). The relative hyperpolar-
ization was detected also with Ca2+ given in 100 µM concentration
(not shown), however safranine ﬂuorescence signal obtained with
300 µM Ca2+ indicated that ΔΨm collapsed and did not recover for
the recording period of 10 min under this condition (Fig. 3/A, curve c).
The relative hyperpolarization following a transient depolarization in
response to 50 µM Ca2+ was conﬁrmed with additional measure-
ments using the ratiometric dye TMRM (Fig. 3/B) or TPP electrode
(not shown).
It was controlled with light scattering whether swelling of
mitochondria accompanied changes in ΔΨm, which would be an
indication of PTP (Fig. 3/C). Thismethod clearly showedmitochondrial
swelling by Ca2+ added in the absence of ADP [13]. The light scattering
in the present experiments, instead, was increased by Ca2+ both in 50
and 300 µM concentrations likely reﬂecting a non-speciﬁc optical
signal upon Ca2+ uptake, that was also detected by others [40]. With
300 µM Ca2+ this was preceded by a small transient decrease in the
ﬂuorescence (curve c), which, like the minor decrease in the NAD(P)H
signal, could indicate an increase in the inner membrane permeability
of small proportion of mitochondria.Fig. 1. The effect of Ca2+ on the rate of H2O2 release from mitochondria in the presence
(A, C) or absence of ADP (B). Mitochondria (m; 0.1 mg/ml), glutamate plus malate
(gm; 5 mM each) and Ca2+ (50 µM) were given as indicated (curve b). For control
(curve a) only mitochondria and substrates were added. Rotenone, where indicated,
was applied 1 µM concentration (curve c). Calibration (cal) was performed with known
amounts of H2O2. Numbers on the curves indicate the rate of H2O2 release in pmol/
min/mg. Traces are representative of at least four independent experiments. In B) ADP
was lacking and 10 µM Ca2+ was applied (curve b). In C) for calculation, data from
experiments similar to those shown in A) were used. ROS production was calculated as
a ratio of the rate of H2O2 release measured between 500 and 600 sec/ rate of basal
H2O2 release measured between 100 and 200 sec. In control no Ca2+ was administered.
* indicates signiﬁcant difference from control (pb0.05; n=8).
Fig. 2. The effect of Ca2+ on the NAD(P)H autoﬂuorescence in the presence of ADP.
NAD(P)H was monitored parallel with H2O2. Addition of mitochondria (m) and
glutamate plus malate (gm) were as for Fig. 1/A. At 200 sec Ca2+ (50 µM, curve
b; 300 µM, curve c) or 1 µM rotenone (curve d) was given. Control (curve a), no
addition at 200 sec. Traces have been offset for clarity.
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2+ from highly polarized mitochondria
H2O2 generation in mitochondria supported by NAD+-linked
substrates was shown to be dependent on ΔΨm in the highly
polarized range of ΔΨm [16,42,43]. We wanted to ﬁnd out whether
ΔΨm in the presence of ADP is within the range where the Ca2+-
induced relative hyperpolarization could result in an increased H2O2
production. For this, ΔΨm was increased by the ATP synthase
inhibitor, oligomycin (5 µM), which, as expected, resulted in an
immediate increase in H2O2 release (Fig. 4/A, each curve). Ca2+ (50 or
300 µM, curve b,c) given 100 sec after oligomycin reduced the rate of
H2O2 generation over an incubation for 5 min. This effect is in
agreement with the abrupt depolarization induced by Ca2+ given
after oligomycin (Fig. 4/B). Similarly, in the presence of ATP, the rate
of H2O2 release was higher than that observed in the presence of ADP
and addition of Ca2+ decreased the rate of H2O2 release (Fig. 4/C,
curve b,c), which is consistent with the ﬁndings reported by [16].
Transient decrease in the rate of H2O2 release that follows the addition
of ATP is ascribed to the contaminating presence of ADP in the ATP
solution. Safranin ﬂuorescence indicated a small, transient depolar-
ization upon addition of ATP (Fig. 4/D), again, due to the ADP
contamination, but subsequently ΔΨm was increased, as expected
given the diminished proton inﬂux via the ATP synthase, consistent
with a more polarized state than that observed in the presence of ADP
(compare Figs. 4/D and 3/A). These results show that in our model a
small increase in ΔΨm in relatively depolarized mitochondria is
accompanied by an increase in H2O2 generation, however, whenΔΨm
is higher (inner membrane is more polarized), Ca2+ no longer
stimulates, instead, it decreases H2O2 release from mitochondria.
It is to note that in the presence of oligomycin, the degree of
depolarization induced by 50 µM Ca2+ is higher and the recovery of
ΔΨm is slower (Fig. 4/B) than those observed in the presence of
ATP (Fig. 4/D) indicating that H+ efﬂux by the reverse operation
of the ATP synthase contributes to the recovery of ΔΨm under this
Ca2+-load.3. Discussion
We report here that ROS release is only moderately increased in
isolated brain mitochondria challenged with 50 µM Ca2+ in the
presence of ADP and even this relatively small stimulation is lacking
with 300 µMCa2+. No robust ROS release could be detected in isolated
mitochondria, at least not in the ﬁrst 10 min following Ca2+ challenge,
which could be related to the fatal neuronal damage developing with
a delay after a heavy Ca2+ load in cellular models [2,44–46]; for
review see [47]. Complex I inhibition by rotenone involves a
signiﬁcantly higher stimulation of H2O2 release than the effect of
Ca2+ (Fig. 1). However Ca2+ is not entirely without an effect on
mitochondrial ROS generation; only the amount of Ca2+ and the
conditions existing in mitochondria before and under calcium-load
greatly determine how ROS production responds to a calcium-
challenge.
It is important to establish that PTP was not involved in the Ca2+-
induced stimulation of H2O2 generation demonstrated in this study as
indicated by the lack of dissipation of ΔΨm, lack of swelling and
maintained, even increased NAD(P)H ﬂuorescence. Furthermore, in
accordancewith this, no calcium-induced calcium releasewas observed
by calciumgreenﬂuorescence after addition of 50 μMCa2+(not shown).
Earlier, when Ca2+ was applied in isolated brain mitochondria where
PTP induction was not prevented, Ca2+ (≥10 µM) induced a loss of
pyridine nucleotides, collapse of ΔΨm and swelling [13], together
characterizing an increased inner membrane permeability. ROS release
from mitochondria undergoing PTP was slightly decreased by Ca2+,
likely due to a net loss of NAD(P)H frommitochondria [13]. Similarly, no
dramatic effect of PTP induction by Ca2+ on ROS generation was
reported by others [14,40]; an increased ROS efﬂux was observed only
when submaximal rotenone concentration was also present to induce
partial complex I inhibition [40]. Complex I inhibition by rotenone
together with a Ca2+-load also induced ROS generation in brain
mitochondria in the experiments by Sousa et al, [39]. In the present
study ADP prevented PTP induction by Ca2+ applied in 50 µM
concentration as clearly shown by the increased NAD(P)H ﬂuorescence,
the transient character of depolarization and the lackof swellingbyCa2+
(Figs. 2 and 3). As similar effects were obtained with Ca2+ in 100 µM
concentration (not shown), it is safe to conclude that Ca2+ in≤100 µM
concentration fails to induce PTP in isolated guinea-pig brain mito-
chondria in the presence of ADP, therefore the increased H2O2
generation observed under this condition is unrelated to PTP. Consistent
with this conclusionwas the lack of effect of cyclosporine A on the H2O2
release observed in the presence 50 µM Ca2+ (not shown). This result,
alone would not be conclusive, given the existence of cyclosporine-
insensitive PTP in brain mitochondria [48]. The minor but consistent
decrease in NAD(P)H ﬂuorescence (Fig. 2) and the small transient
decrease in the light scattering by Ca2+ in 300 µMconcentration (Fig. 3)
might indicate a non-speciﬁc permeability increase in a small
population of the mitochondrial preparation but argue against a large
scale PTP within the time-frame of the recordings. Nonetheless, no
stimulation of H2O2 generation was detected under this condition
(Fig. 1/C).
Since 50 µM Ca2+ addition resulted in an increase in the NAD(P)H
level it has to be considered whether stimulation of H2O2 generation is
related to an enhanced level of reduced pyridine nucleotides. This
relationship has been reported for ROS generation by complex I [42,49–
51], but the unique relationship between NADH/NAD+ ratio and ROS
productionwas questioned by [52] addressing superoxide generation in
the reverse electron transport from succinate. For the effect of Ca2+ this
is unlikely a satisfactory explanation as a comparable, though faster,
increase in NAD(P)H level (Fig. 2) parallels a signiﬁcantly higher rate of
H2O2 release with rotenone than with Ca2+ (Fig. 1/A). In the present
experiments NAD+-linked substrates support respiration therefore ROS
is produced in the forward electron transport, though the exact site is
not possible to locate. The increased NAD(P)H ﬂuorescence in the
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theKrebs cycle [53–55], ofwhichα-ketoglutarate dehydrogenase is able
to generate H2O2 [56–58], in particular when the NADH/NAD+ ratio is
increased [58]. Inhibition of the glutathione systemby Ca2+ reported by
[59] is not relevant here to explain the stimulation of H2O2 generation,
since that effect was observedwith low µMCa2+ concentrations, which
in our experiments, were without an effect on H2O2 release (not
shown).
There was a clear tendency in our experiments that Ca2+ was
effective to increase H2O2 generation only in concentrations at which
the initial transient depolarization was followed by a sustained
relative hyperpolarization as compared to ΔΨm before Ca2+ addition.
Uptake of Ca2+ by mitochondria via the Ca2+-uniporter is driven by
ΔΨm resulting in depolarization, which means additional depolar-
ization in mitochondria respiring in the presence of ADP i.e. already
depolarized. The uptake of 50 µM Ca2+ is nearly complete within
100 sec after Ca2+ addition (not shown) and ΔΨm recovers within a
similar time period to a value existed before the Ca2+-challenge in the
presence of ADP but then is set at a more negative value indicating a
relative hyperpolarization (Fig. 3/A). Increased ΔΨm could be critical
in the enhanced H2O2 production given the ΔΨm-dependence of ROS
generation ﬁrst described for mitochondria supported by succinate
[60] and later also conﬁrmed for mitochondria respiring on NAD+-
linked substrates [16,42,43]. ROS generation is sensitive to ﬂuctua-
tions of ΔΨm at the polarized range of ΔΨm, where depolarization by
a fewmV results in a signiﬁcant decrease in ROS generation [42]. Basal
ΔΨm in mitochondria in situ is likely below the range where ROS
generation is dependent on changes in ΔΨm explaining the lack of
effect of depolarization on basal [61] or stimulated ROS generation in
isolated nerve terminals [62] and cultured cerebellar granule neurons
[63]. Isolated mitochondria respiring on NAD+-linked substrates are
depolarized upon addition of ADP accompanied by a diminished H2O2
generation [42]; Fig. 4/A in this study. However, further depolariza-
tion by Ca2+ in the presence of ADP fails to induce further decrease in
the rate of ROS generation, which is in agreement with the narrow
ΔΨm range in which ROS production is dependent on ΔΨm.
However, shift of ΔΨm toward more negative values observed after
the transient depolarization induced by 50 µM Ca2+ (Fig. 3/A) could
be responsible for the stimulation of H2O2 generation. Stimulation of
ROS release was evident 100-150 sec after Ca2+ addition coinciding
with the relative hyperpolarization (Figs. 1/A and 3/A). Results
obtained with oligomycin or ATP (Fig. 4), which are in concordance
with those published by [16] support the notion that higher ΔΨm is
indeed associated with an enhanced H2O2 release in our mitochon-
drial population. This is in full agreement with the characteristically
high rate of H2O2 generation in mitochondria having high ΔΨm and
not producing ATP (for review see [64,65]). Ca2+ given to mitochon-
dria under these conditions no longer stimulates, instead decreases
ROS generation (Fig. 4) attributable to a drop in ΔΨm. It is also
consistent with our suggestion that Ca2+ in 300 µM concentration, at
which permanent depolarization but no recovery of ΔΨm in caused,
fails to stimulate ROS generation.
It is striking in this study that ROS generation in response to a Ca2+-
challenge is different depending on the amount of Ca2+ load that
mitochondria have to handle. There could be many variables or Ca2+
targets that determine the response of mitochondria to a Ca2+-
challenge, of which alteration of ΔΨm is highlighted in this study.
When the amount of Ca2+ is high, in this study ≤100 μM, but can be
taken up by mitochondria so that Ca2+-induced depolarization is
transient and succeeded by a more polarized state, an immediateFig. 3. The effect of Ca2+ on ΔΨmmeasured by Safranine O (A) or TMRM ﬂuorescence (B),
respectively and on light scattering (C). Additions of mitochondria (m) and glutamate plus
malate (gm)were as for Fig. 1. ADP (2 mM)was applied as indicated followed by addition of
Ca2+ in50 µM(curve b) or 300 µMconcentration (curve c). TodissipateΔΨmFCCP (250 nM)
was given at the end of the experiments. For control (curve a) no Ca2+ was added.
Fig. 4. The effect of Ca2+ on the rate of H2O2 release (A,C) and ΔΨm (B,D) in highly polarized mitochondria in the presence of ADP plus oligomycin (A,B) or ATP (C,D). Additions of
mitochondria (m) and glutamate plus malate (gm) were as for Fig. 1. For A) and B) oligomycin (5 µM) was added 100 sec after ADP (2 mM), then Ca2+ was applied in 50 µM (curve
b) or 300 µM concentration (curve c). For C) and D) ATP (Mg2+-ATP, 4 mM) was added at 200 sec followed by addition of Ca2+ in 50 µM (curve b) or 300 µM concentration (curve c)
as indicated. For control (curve a) no Ca2+ was given. FCCP (250 nM) addition was as indicated. H2O2 release was calibrated (cal) with 100 pmol H2O2. Numbers on the curves
indicate the rate of H2O2 release in pmol/min/mg protein.
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depolarization and missing after-hyperpolarization explains the lack
of increase in ROS generation with higher Ca2+ concentrations. It was
also evident that up to 300 µMconcentration Ca2+ failed to provoke PTP
in our hand.
The mechanism by which Ca2+ shifts ΔΨm towards hyperpolariza-
tion after the transient depolarization was not addressed in this study.
However, this phenomenon indicates that Ca2+ acts on one or more
target(s) in the mitochondria with a consequence of ΔΨm shifted
towards more negative values. This effect is apparent only with Ca2+
applied in ‘moderately high’ concentrations, which depolarizes ΔΨm
only transiently and allows ΔΨm to completely recover. The sustained
complete depolarization associated with the uptake of Ca2+ into the
mitochondria when added in high concentration (300 µM in this study)masks the additional effect of Ca2+. One possible effect of Ca2+ that could
result in hyperpolarization would be an inhibition of the F0F1-ATPase
favoring an enhanced ROS generation in the respiratory chain; indeed,
essentially similar effects are induced by the F0F1-ATPase inhibitor,
oligomycin. Similarly, inhibition of the adenine nucleotide translocase by
Ca2+would be consistent with the changes in ΔΨm and ROS generation
observed with 50 µM Ca2+. Diminished activity of the nucleotide
translocase in liver mitochondria [66] and impaired phosphorylation of
ADP in brain mitochondria [67] that had previously accumulated Ca2+
would support these possibilities. Furthermore, inhibition of F0F1-ATPase
by Ca2+ has also been documented in mitochondria from Ehrlich ascites
tumor cells or rat liver [68] suggesting that Ca2+ accumulation would
potentiate the effect of the inhibitory subunit on the ATPase [68,69].
However, keeping in mind the PTP inducing effect of Ca2+, these
928 Z. Komary et al. / Biochimica et Biophysica Acta 1797 (2010) 922–928possibilities should be revisited in brain mitochondria, in particular,
because opposite observations for the adenine nucleotide translocase
[70] and the F0F1-ATPase [71] have also been reported.
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